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A B S T R A C T
Ni-doped nanocrystalline Bi2S3 thin film is deposited on boron doped single crystal (p)-Si
substrate by chemical bath deposition to form (p)Si/(n)Bi2S3 heterojunction structure. The
electrical characterization of the (p)Si/(n)Bi2S3 heterojunction is carried out in the tempera-
ture range of 300 K–340 K and capacitance–voltage characteristics is measured at a frequency
of 1 KHz at 300 K. Various junction parameters are calculated from the I–V characteristics.
The ideality factor is found to be greater than unity with high series resistance. The ideal-
ity factor and series resistance decreases, whereas the saturation current density increases
with increase in temperature. The J–V characteristics under illumination showed poor pho-
tovoltaic effect of the junction. The existence of higher value of ideality factor and large
number of interface states in (p)Si/(n) Bi2S3 heterojunction reduced the photovoltaic con-
version efficiency.
© 2016 Mansoura University. Production and hosting by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
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1. Introduction
Bismuth Sulphide is a member of V–VI semiconductor com-
pounds whose band gap energy 1.7 eV lies in the visible range
of the solar energy spectrum, which makes it very useful for
solar energy conversion devices [1–3]. Bohr exciton radius of
bulk Bi2S3 is 28.9 nm [4], which implies that significant quantum
confinement effect can be observed at relatively large Bi2S3
nanoparticles. Bi2S3 is one of the earliest materials known to
exhibit photoconducting properties [5]. Due to its significant
thermoelectric effect, this material is important in view of its
thermoelectric application as well [6]. It is widely used in
optoelectronics, photoelectrochemical devices, thermoelec-
tric cooler, electrical switching, solar selective coatings, and
decorative coatings [5,7]. Nanostructures of Bi2S3 have poten-
tial applications in electrochemical hydrogen storage, hydrogen
sensors, X-ray computed tomography imaging, biomolecule de-
tection and photoresponsive materials [8].
Much research have been carried out on the preparation,
characterization and applications of Bi2S3 thin films by em-
ploying several deposition techniques such as chemical
deposition [9–16], vacuum evaporation [17–20], cathodic elec-
trodeposition [21], anodic electrodeposition [22], hot-wall method
[23], solution gas interface [24], spray deposition [7,25–28], ul-
trasonic methods [29,30], microwave irradiation [31,32],
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hydrothermal synthesis [33–35], and solvothermal decompo-
sition [36] etc.
There are limited literature pertaining to the preparation
and characterization of heterojunctions based on Bi2S3. Pineda
et al. [37] fabricated hybrid solar cells of the configuration ITO/
Bi2S3/P3OT/Au [(P3OT) is poly3-octylthiophene polymer]. They
investigated the photovoltaic performance of the solar cell
and reported that the cell using a Bi2S3 film of thickness 50 nm
had the highest open-circuit voltage of 440 mV and short-
circuit current density of 0.022 mA/cm2. Recently, Martinez et al.
[38] fabricated hybrid heterojunctions by using Bi2S3, NCs and
P3HT poly (3-hexylthiophene) polymer with a power conver-
sion efficiency of 1%. Becerra et al. [39] have analysed the
feasibility of combining p-Si with an n-Bi2S3 thin film to form
thin film solar cell using evaporated (n)Bi2S3 on (p)Si. They
reported short-circuit current density of 3 mA/cm2, open-
circuit voltage of 360mV, and efficiency of 0.5%,which improved
to 7.2 mA/cm2, 485 mV and 1.7%, respectively, after heating
the cell in forming gas. Moreno-Garcia et al. [40] have fabri-
cated (n)Bi2S3/(p)PbS solar cell by chemical CBD method.They
carried out an extensive study to explore the relevance of each
thin film component and suggested ways to improve the cell
parameters. Their best (n)Bi2S3/(p)PbS solar cell junctions pro-
duced open-circuit voltage of 280 mV and short-circuit current
density of 6 mA/cm2 and energy conversion efficiency of 0.5%.
The same research group [41] extended their work on (n)Bi2S3/
(p)PbS solar cells by introducing CdS and ZnS window layers
in their solar cell structure and reported an improvement of
the various junction parameters. Kachari et al. [42] reported
the fabrication of Al/(p)Bi2S3 Schottky barrier junction by vacuum
evaporation method. They have evaluated the various junc-
tion parameters from the I–V characteristics of the junction.
Further, they investigated the photovoltaic performance of the
junction. Bao et al. [43] reported the formation of Schottky
contact between Bi2S3 nanowires and gold (Au) electrode. The
photo-switchable conductivity of individual Bi2S3 nanowires
was studied, indicating possible applications in optoelec-
tronic nano-devices. Bessekhouad et al. [44] prepared (n)Bi2S3/
(n)TiO2 heterojunctions by direct mixture of both constituents
and by precipitation of the Bi2S3 with commercial TiO2 at dif-
ferent concentrations. They have analysed (n)Bi2S3/(n)TiO2
junction by UV-Vis spectroscopy and established that the junc-
tions were able to absorb the light up to 800 nm. Moreno-
García et al. [45] fabricated CdS/(n)Bi2S3/(p)PbS solar cell and
reported open-circuit voltage of 250mV and short-circuit current
density of 3.45 mA/cm2. Bi2S3 film was introduced basically to
secure stability for the CdS/ PbS junction.Wang et al. [46] syn-
thesized Bi2S3 nanorods and nanowires. Further they fabricated
bulk hybrid heterojunction solar cells by blending the Bi2S3
nanorods or nanowires with MDMO-PPV polymer (poly [2-
methoxy-5-(3′,7′-dimethyloctyloxy)-1,4-phenylenevinylene]).
Ladhe et al. [47] have chemically prepared (n)Bi2S3 and (p)CuSCN
layers to fabricate (n)Bi2S3/(p)CuSCN heterojunction on fluo-
rine doped tin oxide (FTO) coated glass substrates. They
successfully employed the heterojunction as a Liquefied Pe-
troleum Gas (LPG) sensor at room temperature. Rath et al. [48]
reported the first solution-processed heterojunction solar cells
based on p-type PbS quantum dots and n-type Bi2S3
nanocrystals. In this solar cell nanostructured n-type Bi2S3 was
used as electron acceptor. They reported a power conversion
efficiency of 1.6% for 860 nm PbS QDs and over 1% for 1300 nm
PbS QDs.
2. Preparation of (p)Si/(n)Bi2S3 heterojunction
The (p)Si/(n)Bi2S3 heterojunctions are prepared by depositing
1.5 wt% Ni-doped Bi2S3 thin films on boron doped p-type silicon
wafer by chemical bath deposition technique.The silicon wafers
use for the fabrication of the heterojunction structure is mirror
like p-type (100) orientation with resistivity 1–10 Ωcm and
350 ± 25 μm thickness. For the deposition of Ni-doped Bi2S3 film
on silicon wafer, 5 ml of 0.5 M Bi(NO3)3 dissolved in 2 ml of Tri-
ethanolamine (TEA) and 4 ml of 1 M CH3CS.NH2 are mixed
together and 1.wt% of Ni(NO3)3 as Ni3+ sources is added to the
resultant solution. The resultant solution is stirred for 20 min
at room temperature to get uniform mixture solution. Finally,
39 ml of distilled water is added to the resultant solution to
obtain a total volume of 50 ml. The silicon substrates are im-
mersed vertically into the solution supported by the wall of
the beaker and heated at 318 K for 20 min. The resultant so-
lution changes from brown to dark brown colour, which
indicates the initiation of Bi2S3 film formation. The solution is
kept at room temperature for 2 h for further deposition. After
deposition, the Si substrates coated with nanocrystalline Ni-
doped Bi2S3 film are taken out and washed with distilled water
and dried in open air. The films deposited on the polished
surface of the Si substrates are removed with the help of dilute
nitric acid and again washed with distilled water. Thickness
of the Bi2S3 film deposited on the Si substrate is measured by
Tolansky method as discussed in our earlier published paper
[49].The aluminium ‘Al’ electrodes are deposited onto the back
surface of silicon wafers by vacuum evaporation for ohmic
contact. The metal aluminium ‘Al’ electrodes, which acts as
upper electrodes, are vacuum deposited on the Bi2S3 thin film
through a suitable mask for ohmic contact to form the struc-
ture Al/(p)Si/(n) Bi2S3/Al as shown in Fig. 1. Thus, nine
heterojunctions each of equal area of 0.04 cm2 are obtained.
Surface morphology of the film deposited on the Si substrate
is studied using JEOL-JSM 6360 operating at 20 kV. Keithley
Fig. 1 – Schematic diagram of Al/(p)Si/(n)Bi2S3/Al structure:
(a) view from above, (b) lateral view.
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Electrometer (6514) and Rishabh multimeter (14S) are used for
measuring I–V characteristics of the (p)Si/(n)Bi2S3 heterojunction
and C–V characteristics by using Systronics LCR-Q meter (928).
The film deposited on the Si substrate is found to be n-type
as determined by the hot probe method. The temperature on
the sample surface is measured by Instron (In-303) digital tem-
perature controller using PT-100 sensor. For forward bias, the
positive and negative terminals of the voltage source are con-
nected to upper and lower ‘Al’ electrodes. The details of the
sample prepared are given in Table 1.
3. Results and discussions
3.1. Reaction mechanism
The deposition process of Bi2S3 film is based on the slow release
of Bi3+ and S2− ions in the solution, which then condense ion
by ion or cluster by cluster on the surface of the boron doped
p-Si substrate.The concentration of Bi3+ and S2− ions in the so-
lution controls the rate of Bi2S3 formation.The rate of Bi3+ ions
is controlled by TEA, which forms a complex Bi[(TEA)n]3+ with
Bi3+. Ni-doped Bi2S3 films are prepared by adding 1.5 wt% of
nickel nitrate Ni(NO3)2 to the following procedure and the re-
action mechanism are given as
Bi NO H O TEA Bi TEA H O NO3 3 2
3
2 35 5( ) + → ( )[ ] + ++ −. (1)
Bi TEA Bi TEA( )[ ] → ++ +3 3 (2)
CH CSNH OH CH CONH SH3 2 3 2+ → +− − (3)
SH OH S H O− − −+ → +2 2 (4)
Ni NO Ni NO3 2
2
3( ) → ++ − (5)
Then the overall chemical reaction is as follows
Bi Ni S Bi Ni Sx x3 2 2 2 3+ + − −+ + → (6)
3.2. Surface morphology studies
The surface morphology of the Ni-doped Bi2S3 film deposited
on the silicon substrate has been investigated by scanning elec-
tron microscope (SEM) operating with an accelerating voltage
20 kV as shown in Fig. 2. It is seen that the surface is well
covered without any void or pin hole with irregularly shaped
grains of random size. These irregularly shaped grains of
random size are interconnected with each other to form a
cluster. Agglomeration of small crystallites in the film is also
evident from the photograph. Such agglomeration makes it dif-
ficult to evaluate the grain size from SEM image. It is also clear
from this image that there is a common characteristic of the
grains in their spherical shape.
3.3. Current–voltage characteristics of (p)Si/(n)Bi2S3
heterojunctions
The current–voltage characteristics of a typical (p)Si/(n)Bi2S3
junction in dark and under illumination (1100 Lux) are shown
in Fig. 3. The junction is found to exhibit rectifying character-
istics with small reverse current, indicating the existence of
a barrier between the Si wafer and Bi2S3 film. The tempera-
ture dependence of the current–voltage characteristics of the
prepared junction has been studied in the dark within
temperature range from 300 K to 340 K. The temperature de-
pendence of current–voltage characteristics for forward bias
has been shown in Fig. 4. At higher bias voltage, the current
Table 1 – Details of a typical (p)Si/(n)Bi2S3 junction
preparation.
Thickness
of the (p)Si
wafer (μm)
Thickness
of (n)
Bi2S3 (nm)
Concentration
(Na) 1016/cm3
Concentration
(Nd) 1016/cm3
350 ± 25 228 5.6 2.622
Fig. 2 – SEM photographs of nanoparticles Bi2S3.
Fig. 3 – I–V characteristics of a typical (p)Si/(n)Bi2S3 junction
in the dark and under illumination.
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has been observed to increase more rapidly as the tempera-
ture is increased. At low temperature, the carriers do not have
sufficient energy to surmount the high barrier but they are able
to surmount the lower barriers. Consequently, current will flow
through patches of the lower Schottky barrier height [50].With
raising temperature, more and more electrons have enough
energy to cross the higher barrier. As a result, the current trans-
port is dominated by the current that flows over the higher
barrier. Therefore the dominant barrier height increases with
temperature [51].
Fig. 5 shows lnJ vs V plots for a typical (p)Si/(n)Bi2S3
heterojunction in the dark at different temperatures. The
straight fitting of lnJ vs V shows that current, carrying mecha-
nism over the heterojunction barrier, is dominated by the
thermionicmechanism, current density–voltage relation is given
by the relation [52]
J J
qV
nkT
s=
⎡
⎣⎢
⎤
⎦⎥exp (7)
where V is the applied voltage and Js is the saturation current
density given as
J
qA*TV
k
qV
kT
s
bi bi
= −
⎛⎝ ⎞⎠exp (8)
where A* is the Richardson constant, Vbi is the built-in poten-
tial, k is the Boltzmann’s constant and T is the temperature.
The ideality factors (n) and saturation current density (Js)
are calculated from the slopes and intercepts of these plots
respectively.The estimated values of diode ideality factors and
saturation current densities at different temperatures of the
typical (p)Si/(n)Bi2S3 heterojunction are given in Table 2. The
saturation current density Js and ideality factor (n) are depen-
dent on temperature. The greater value of ideality factor than
unity is attributed to factors such as presence of interfacial layer,
image force lowering of built-in potential, recombination of elec-
trons and holes in depletion region, tunnelling effect and barrier
height inhomogeneity [53–55].
From the measured values of Js at different temperatures,
a plot of ln(Js/T) versus T−1 has been drawn as shown in Fig. 6.
The plot is almost a straight line, which indicates that the
current transport process follows the relation (7) as dis-
cussed above. From the slope of the plot, the built-in potential
Vbi of the junction is calculated and values are given in Table 2.
The ideality factor ‘n’ and saturation current density ‘Js’ of the
junction at different temperatures are estimated from the slopes
and intercepts of lnJ vs V plot (Fig. 5) respectively. The calcu-
lated values are tabulated in Table 2. From the estimated values
Fig. 4 – I–V characteristics of a typical (p)Si/(n)Bi2S3
heterojunction at different temperatures in the dark.
Fig. 5 – ln J vs V plot of a typical (p)Si/(n)Bi2S3
heterojunction.
Table 2 – Junction parameters of a typical (P)Si/(n)Bi2S3 heterojunction.
Temperature (K) Ideality
factor (n)
Saturation current
density Js (10−6 Acm-2)
Built-in potential
(from C–V) Vbi (eV)
Built-in potential
(from I–V) Vbi (eV)
Series resistance (Ω)
Dark
300 3.6 0.22 0.69 0.66 2447
310 3.5 0.47 932
320 3.4 0.98 446
330 3.3 2.34 260
340 3.2 5.69 83
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of Js for different temperatures, lnJs/T vs T−1 graph is plotted
for the junction as shown in Fig. 6. The built-in potential Vbi
of the junction is calculated from the slope of the plot and the
value is given in Table 2.
3.4. Effect of series resistance on I–V characteristics of
the (p)Si/(n)Bi2S3 heterojunction
As depicted in Fig. 7 for higher voltages, the lnI vs V plots of
the junctions have been observed to deviate from linearity.This
deviation gives an indication of the presence of series resis-
tance Rs associated with the neutral region of the junction.The
series resistance are estimated from I vs ΔV plots of the junc-
tion. Fig. 8 represents the I vs ΔVplots of a typical (p)Si/
(n)Bi2S3 junction at 300 K in the dark, where ΔV is the voltage
due to series resistance. The value of Rs of a typical (p)Si/
(n)Bi2S3 junction at different temperatures are found to be in
the range 2447–83 Ω as given in Table 2. The series resistance
of the (p)Si/(n)Bi2S3 junction is found to decrease with an in-
crease in temperature.With increasing temperature, the number
of free charge carriers is also increased due to either their bond
breaking or by the de-trapping mechanism [56]. As a result, the
series resistance of the (p)Si/(n)Bi2S3 junction decreases with
an increase in temperature.
Fig. 6 – ln (Js/T) versus T−1 plots of a typical (p)Si/(n)Bi2S3
heterojunction.
Fig. 7 – lnI vs V plots of a typical (p)Si/(n)Bi2S3 heterojunction.
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3.5. Capacitance–voltage characteristics of a
(p)Si/(n)Bi2S3 junction
The capacitance–voltage characteristics of (p)Si/(n)Bi2S3 junc-
tion is measured at 1 KHz frequency under reverse bias
condition at room temperature (300 K). Fig. 9 shows C−2–V plot
of a typical (p)Si/(n)Bi2S3 junction.The built-in potentialVbi mea-
sured from this plot is found to be 0.69 eV, which is higher than
the value obtained from current–voltage characteristics as given
in Table 2. This divergence is ascribed to the existence of ca-
pacitance at the interfacial layer containing defects [57,58]. Other
factors for this divergence are lowering of the barrier height
by image force in the I–V characteristics and the barrier height
inhomogeneities [59,60].
3.6. Photovoltaic measurements of (p)Si/(n)Bi2S3
heterojunction
The photovoltaic performance of the (p)Si/(n)Bi2S3 junction is
investigated under different light intensities. Fig. 10 shows J–V
curves for a typical (p)Si/(n)Bi2S3 junction under different light
intensities, which reveals poor photovoltaic effect of the junc-
tions. Under illumination, electron–hole pairs are created inside
the depletion region and are separated by built-in electric field
with holes and electrons are drifting to the Si and Bi2S3layers
respectively. When the device terminals are short-circuited,
excess holes in the Si flow through the external circuit to re-
combine with the excess electrons in the Bi2S3 side and this
represents the photocurrent. Calculated photovoltaic param-
eters of the junctions are given in Table 3. The open-circuit
voltage and short-circuit current are strongly dependent on the
series resistance (Rs) as well as the junction ideality factor (n)
as per the known equations [61].
I I
q V IR
kT
ISC
S
=
−( )⎛⎝ ⎞⎠ −⎡⎣⎢
⎤
⎦⎥ −0 1exp (9)
Fig. 8 – Plot of I vs ΔV of a typical (p)Si/(n)Bi2S3
heterojunction.
Fig. 9 – C−2–V plot of (p)Si/(n)Bi2S3 heterojunction measured
at 300 K.
Fig. 10 – J–V plots of a typical (p)Si/(n)Bi2S3 junction at
different light intensities.
Table 3 – Photovoltaic parameters of a typical (p)Si/
(n)Bi2S3 heterojunction.
Intensity
of light
(Lux)
Short-circuit
current
(Jsc μA/cm2)
Open-circuit
voltage
Voc (Volt)
Fill
factor
(FF)
Efficiency
(%)
1100 42.623 0.232 0.390 0.385
1400 50.03 0.242 0.436 0.414
1700 58.67 0.252 0.452 0.432
2000 67.31 0.200 0.605 0.447
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V
nkT
q
I
I
OC
SC
o
= +⎛⎝⎜ ⎞⎠⎟ln 1 (10)
where, I is the total output current and Io is the saturation current.
The open-circuit voltage (Voc), short-circuit current density (Jsc)
and fill factor of these junctions are tabulated in Table 3. It
is observed that the junction exhibits poor photovoltaic
performance with low fill factor and low efficiency. In the poly-
crystalline films, the grain boundary potential may affect the
series resistance and open-circuit voltage of solar cell [62]. Re-
combination of electron–hole pairs photo-generated takes place
at grain boundary and hence the short-circuit current is reduced
[63]. Besides, there aremany factors responsible for the poor pho-
tovoltaic performance, such as presence of interfacial layer and
low doping concentration.As the light intensity increases there
is increase in excitation and separation of electrons from their
atoms, which leads to the creation of more electron–hole pairs.
This may be the reason for the increase of photovoltaic perfor-
mance of the junctions with increasing light intensity.
4. Conclusions
In this paper, we investigated the temperature dependent elec-
trical and photovoltaic properties of (p)Si/(n)Bi2S3 heterojunction
fabricated by chemical bath deposition (CBD) technique. The
rectifying nature of the junction shows the formation of barrier
at the interface of the two semiconductors.The ideality factor
and series resistance decreases, whereas the potential barrier
height increases with increase in temperature. Photovoltaic con-
version efficiency of the junction is found low with low value
of fill factor due to the presence of the interfacial and barrier
height inhomogeneity.
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